Distearoylphosphatidylcholines labeled with gem-difluoro groups at selected positions of the fatty acid chains have been prepared. These lipids were incorporated into sonicated vesicles and were examined by fluorine nuclear magnetic resonance spectroscopy. Considerable attention has been given recently to the nuclear magnetic resonance (NMR) behavior of hydrocarbon chains in lipid bilayers (1-3). The nuclear magnetic relaxation data and the residual observed quadrupole splitting data so obtained have been used to determine the average mobility and anisotropy of motion at various positions along the chain.
Considerable attention has been given recently to the nuclear magnetic resonance (NMR) behavior of hydrocarbon chains in lipid bilayers (1) (2) (3) . The nuclear magnetic relaxation data and the residual observed quadrupole splitting data so obtained have been used to determine the average mobility and anisotropy of motion at various positions along the chain.
Many of these NMR studies have involved sonicated preparations of phosphatidylcholine (PC), which result in solutions of single bilayer vesicles of relatively small diameter. These spherical shells of lipid have such a high degree of curvature that a significant excess of PC populates the outer monolayer of the bilayer compared to the inner one (4) . Some comment has been directed toward the structural differences between the inner and outer monolayers, particularly with regard to the head group (5) Abbreviations: NMR, nuclear magnetic resonance; PC, phosphatidylcholine; bis(12',12'-F2)-PC, 1,2-bis(12',12'-difluorostearoyl)-snglycero-3-phosphorylcholine; 1-mono(12',12'-F2)-PC, 1-(12',12'-difluorostearoyl)-2-stearoyl-sn-glycero-3-phosphorylcholine; bis(7',7'-F2)-PC, 1,2-bis(7',7'-difluorostearoyl)sn-glycero-3-phosphorylcholine; ppm, parts per million. from Aldrich. Phospholipase A and dipalmitoyl PC were supplied by Calbiochem. All solvents were analytical grade.
Synthesis of 1,2-bis(12',12'-difluorostearoyl)sn-glycero-3-phosphorylcholine [bis(12',12'-F2)PCJ and 1,2-bis(7',7'-difluorostearoyl)sn-glycero-3-phosphorylcholine [bis(7',7'-F2)PC]. Established procedures were used to synthesize 12-ketomethylstearate (6) and 7-ketomethylstearate (7). These materials were fluorinated with 1:1 mixtures of 0.8 M MoF6 (Fluoreze-M) and 0.8 M ketone in CH2Cl2 according to Mathey and Bensoam (8) . The fluorinated methyl esters were purified and saponified to the free acid. L-a-Glycerophosphorylcholine and 12,12-difluorostearic acid were coupled by the acid anhydride procedure of Robles and van den Berg (9) to give bis(12',12'-F2)-PC (structure I). L-a-Glycerophosphorylcholine and 7,7-difluorostearic acid were coupled via the acyl imidazole procedure. of Boss et al. (10) to give bis(7',7'-F2)-PC (structure II). 12'-F2)-PC was hydrolyzed to the 1-lyso compound with phospholipase A (11) and purified by gel filtration. Reacylation of the lyso PC with stearic acid was accomplished via the acyl imidazole procedure. The specificity of this synthesis was such that only 10-20% All spectra were proton-decoupled. Temperatures were rounded to the nearest degree. Although there are small differences between this and the spectrum of bis(12',12'-F2)PC (see Discussion), the overall result points to at least two different environments within the bilayer. Since the labeled fatty acid occupies only the 1-position of the phospholipid, the two fluorine absorption lines are not due to differences between the two chains of the same molecule.
19F NMR of 7',7'-difluorinated lipid in vesicles
To explore the nature of these two hydrocarbon environments, paramagnetic ions were used to perturb the NMR spectrum of the fluorines. Numerous studies have shown that Mn(II) acts to enhance the magnetic relaxation behavior of nearby nuclei, resulting in broadening of resonances of these nuclei (12) . Since this line broadening effect is inversely dependent upon the sixth power of the distance between the ion and the observed nucleus, conditions can be found such that nuclei in close proximity to Mn(II) display increased line widths, whereas those farther away remain virtually unaffected. In experiments of this kind, vesicles of bis(7',7'-F2)-PC are useful because the fluorines are closer to their respective surfaces of the bilayer than they are to the fluorines of the other monolayer. As a result, it should be possible to selectively broaden the resonances corresponding to the outer monolayer by adding Mn(II) to the bulk solution.
Similarly, the resonances derived from the inner monolayer should be selectively broadened by incorporating Mn(II) into the solution enclosed by the vesicle. Fig. 3 shows the fluorine spectrum of this preparation. In this case, the downfield resonance is broadened, but the upfield line remains as it was in the absence of paramagnetic ion.
It is clear that the NMR line width effects seen here are caused by the paramagnetic centers introduced into the sample, since additions of equivalent concentrations of magnesium ion do not affect the fluorine NMR signals. Thus the two resonances resolved by 19F NMR are assignable to the inner and outer monolayers of a sonicated lipid bilayer. The fluorines of the inner monolayer resonate at a lower field than the fluorines of the outer monolayer. DISCUSSION The work described here is concerned with the development of sensitive, nonperturbing molecular probes for investigating the hydrocarbon interior of lipid bilayers. We have approached this problem by incorporating gem-difluoro groups into the 12' and the 7' positions of the hydrocarbon chains of distearoyl PC (structures I and II, respectively). In hydrocarbon systems, the replacement of a proton by a fluorine atom represents a very minor perturbation of structure. The steric effects of the fluorine replacement are quite small, amounting to a few tenths of a kcal/mol in differential energy of interaction (13) . In addition, the electrons about the fluorine are rather tightly held, are unavailable for hydrogen bonding, and are unreactive. In our hands, the fluorinated* derivatives are essentially indistinguishable from their protonated counterparts in their chemical behavior.
The 19F NMR spectra of these compounds in sonicated vesicles reflect the existence of at least two different hydrocarbon environments, which are due to differences between the inner and outer monolayers of the interior of the bilayer. The selective broadening effects observed by addition of Mn(II) to the vesicle solutions enable us to make this spectral assignment, in an unambiguous fashion, with those fluorines in the inner monolayer resonating at a lower field than those contained in the outer monolayer.
Biochemistry the 12' positions. Instead, the separation between absorption lines appears to depend upon the temperature of the sample, upon the size of the vesicles, and, in this case, upon the presence of a lipid of shorter chain length. In one-component systems of fluorinated lipid, the major spectral difference between the 7' and 12' positions is an increase in line width at the 7' position, but there is little increase in separation.
Gem-difluoro compounds have also been studied by Roberts and coworkers (14) (15) (16) 
